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To touch on
• Will concentrate on Direct detection and 

Colliders.

• How do we feel about WIMP Dark Matter in 
2013? 

• MSSM

• Progress in systematizing broader parameter 
space

• Effective Operators and limitations
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Caveats

• Axions remain a viable candidate

• Some improvement in astrophysical bounds: Friedland, Giannotti, 
Wise, Phys. Rev. Lett. 110, 061101 (2013)

• Keep in mind we might be discovering only 
part of the Dark Matter.

• How simple is the Dark Sector?  Does that 
dynamics change how it would be 
discovered?
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In 2013, how do we feel 
about WIMPS?

• In principle, two things could have impacted 
our thinking:

• Absence of signals at direct, collider, and 
indirect experiments

• Discovery of the Higgs boson
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On the Higgs

• Sharpens the naturalness question: appears 
there is a light scalar dof responsible for 
EWSB (see h to ZZ, WW with about the 
right size)

• What is stabilizing its mass?

• What does its mass tell us?
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Minimal Approach

• Not colored

• Not charged

• No new bosons?  

• Z or Higgs, Wimp with a capital W
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FIG. 1: Relevant diagrams for annihilation and corresponding direct detection diagrams, where

applicable. Achieving su�cient dark matter annihilation in the early universe in order to obtain

the measured relic density requires at least one of these diagrams to be significant. In the case of

s-channel Higgs or Z boson exchange, this may imply correspondingly large �SI or �SD respectively.

In the case of t-channel annihilation or co-annihilation, there is not a clear direct detection analog,

but the processes will be related through couplings and mixing angles.
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Z boson

• If chiral (heavy neutrino, e.g.) then the cross 
section is ``ginormous”.

� ⇡ G2
F

2⇡
µ2

XN
1

A2
((1� 4 sin2 ✓W )Z � (A� Z))2Yave

(~7x10-39 cm2)
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Remarkable 
Experimental Progress

z
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As an addendum to our latest results on spin-
independent WIMP-nucleon scattering from 225 live days
of data [1] measured with the XENON100 dark matter
detector [2], we present in Fig. 1 the 90% exclusion limit
up to a WIMP mass of 10TeV/c2. All the points up to
an energy of 1TeV/c2 are identical to the ones in refer-
ence [1].

⇤ Electronic address: ajmelgarejo@astro.columbia.edu
† Electronic address: marc.schumann@physik.uzh.ch

[1] E. Aprile et al. (XENON100), Phys. Rev. Lett. 109,
181301 (2012).

[2] E. Aprile et al. (XENON100), Astropart. Phys. 35, 573
(2012).
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FIG. 1: Result on spin-independent WIMP-nucleon scatter-
ing from XENON100 up to 10TeV: The expected sensitivity
of this run is shown by the green/yellow band (1�/2�) and
the resulting exclusion limit (90% CL) in blue. For compari-
son, other experimental results are also shown, together with
the regions (1�/2�) preferred by supersymmetric (CMSSM)
models.
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Z boson

• If chiral (heavy neutrino, e.g.) then the cross 
section is ``ginormous”.

• Suppress this vectorial coupling.  

• Automatic if Dark Matter is Majorana

� ⇡ G2
F

2⇡
µ2

XN
1

A2
((1� 4 sin2 ✓W )Z � (A� Z))2Yave

(~fewx10-39 cm2)
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Higgs Boson Exchange

--Thermal Relics?
--Resonances?

--Cancellations?

�SI(�N ! �N) ⇡ 8⇥ 10�45pb
⇣ y�
0.1

⌘2
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FIG. 1: Relevant diagrams for annihilation and corresponding direct detection diagrams, where

applicable. Achieving su�cient dark matter annihilation in the early universe in order to obtain

the measured relic density requires at least one of these diagrams to be significant. In the case of

s-channel Higgs or Z boson exchange, this may imply correspondingly large �SI or �SD respectively.

In the case of t-channel annihilation or co-annihilation, there is not a clear direct detection analog,

but the processes will be related through couplings and mixing angles.
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Neutralino Masses

tuning. In this paper, we are agnostic about the possibility of fine-tunings in both electroweak
symmetry breaking and quantities relevant for DM phenomenology, such as ⌦(th)

� and �
SI,SD.

We survey the entire parameter space of thermal and non-thermal neutralino DM, regardless of
tuning. Indeed, it may be reasonable for a tuning of parameters to produce the observed ⌦ if
environmental selection plays a role in the DM abundance (although a tuning that produces a
small � would be more surprising). In addition, we see in Fig. (2) that the relic density curves
are steep for a wide range of M

1

, as is expected from the phenomenon of well-tempering. In
such a situation, where a large fraction of parameter space is highly sensitive to parameters,
perhaps one should not be surprised to end up with parameters that appear tuned. Despite
these misgivings about avoiding tuned regions, we do view it as interesting to identify regions of
parameter space especially sensitive to parameter choice. At times we will quantify the amount
of tuning in ⌦(th)

� and �
SI,SD. In order to identify DM tunings independently of a possible

electroweak tuning, we use a measure, defined in App. B, that mods out the dependence on the
direction of parameter space that changes the electroweak VEV.

4 Suppression of Dark Matter Scattering

In general, SI scattering is mediated by squarks, Z bosons, or Higgses. Since squark-mediated
scattering is model dependent—its e↵ects become negligible for su�ciently heavy squark masses—
we postpone our discussion of this scenario to Sec. 5.4. Similarly, we neglect scattering mediated
by the heavy Higgses, which decouple quickly in the limit mA � mZ . This leaves scattering
mediated by the light Higgs or Z, which may be suppressed compared to naive expectations by
two e↵ects. First, a suppression results whenever the DM is close to a pure gaugino or Higgsino,
and second, the relevant amplitude exactly vanishes at critical values of parameters, which we
call blind spots.

4.1 Suppression from Purity

The leading SI scattering is mediated by Higgs exchange, and the relevant coupling, ch��, orig-
inates, at tree-level, from gaugino Yukawa couplings of the form h†h̃b̃ and h†h̃w̃. Hence SI
scattering is suppressed if � is dominantly Higgsino or dominantly gaugino. Similarly, SD scat-
tering does not occur for pure bino or pure wino because they do not couple to the Z, and
likewise for pure Higgsino because as a Dirac fermion it carries no chiral couplings to the Z.

Recall that the neutralino mass matrix takes the form,

M� =

0

BB@

M
1

0 �1

2

g0v cos � 1

2

g0v sin �
0 M

2

1

2

gv cos � �1

2

gv sin �
�1

2

g0v cos � 1

2

gv cos � 0 �µ
1

2

g0v sin � �1

2

g0v cos � �µ 0.

1

CCA . (7)

Since we are interested in M
1

,M
2

, µ > MZ , Eq. (7) shows that gaugino-Higgsino mixing is gener-
ically small, so that some cross-section suppression is expected for a typical point in parameter

10
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Thermal History

Does DM have an interaction with us beyond gravity?
the WIMP hypothesis:
relic density of DM is set by annihilation cross section
Lee, Weinberg, 1977; Bernstein, Brown, Feinberg, 1985; Scherrer, Turner, 1986

DM + DM $ SM + SM

thermal freeze-out:

⌦�h2 ' 10�37cm2

h�annihvi

⌦�h2|WMAP = 0.1126 ± 0.0036

s-wave annihilations of a particle � due to mediator �:

h�annihvi ⇠ g4

2⇡

m2
�

m4
�

' 6⇥ 10�37cm2 g4
⇣ m�

100 GeV

⌘2 ⇣ m�

1 TeV

⌘�4

T. Schwetz 11

“Bino”

“Wino/Higgsino”
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Direct Detection Status

Cheung, Hall, Pinner, Ruderman; 1211.487
Also, Cohen, AP, Kearney, TuckerSmith 

Phys.Rev. D85 (2012) 075003
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Figure 1: Present limits (filled or solid) and future reach (dashed) for SI/SD scattering of
DM, shown in terms of the cross-section (left axis) or DM Higgs/Z coupling (right axis). For
SI scattering we show the current limit from XENON100 [1] as well as the projections for
LUX [4], SuperCDMS [5], and XENON1T [3]. For SD scattering we show the current limit
from XENON100 [6] on DM-neutron scattering, as well as the current limit from IceCube [2]
on DM-proton scattering, assuming annihilations into W+W� or tt̄ (estimated). We also show
our estimate for the reach of XENON1T [7] for DM-neutron scattering.

like to ask: what is the characteristic size for the SI and SD cross-sections expected of neutralino
DM which couples through the Higgs and Z bosons? Given the interactions,

L � ch��
2

h(��+ �†�†) + cZ�� �
†�̄µ�Zµ, (2)

then in the limit in which the DM is heavier than the nucleon, the SI and SD cross-sections are

�
SI

= 8⇥ 10�45 cm2

⇣ch��
0.1

⌘
2

�
SD

= 3⇥ 10�39 cm2

⇣cZ��

0.1

⌘
2

. (3)

While �
SD

is typically considerably larger than �
SI

, SI experimental constraints are commensu-
rately stronger than SD, so these two limits are comparable in strength [21, 22]. Note that �

SI

depends on nuclear form factors, in particular the strange quark content of the nucleon. For our
analysis we adopt the lattice values of [20]. A more technical discussion of the strange quark
content of the nucleon is contained in App. A.

The SI scattering of DM with nucleons is highly constrained by null results from direct
detection experiments. At the forefront of this experimental e↵ort is XENON100 [1], an un-
derground, two-phase DM detection experiment which employs a 62 kg radio-pure liquid Xe
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depends on nuclear form factors, in particular the strange quark content of the nucleon. For our
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detection experiments. At the forefront of this experimental e↵ort is XENON100 [1], an un-
derground, two-phase DM detection experiment which employs a 62 kg radio-pure liquid Xe
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On Fine-tuning in MSSM

1 Introduction

The recent discovery of a Higgs-like resonance by Atlas and CMS collaborations[1, 2] at mh !
125 GeV seemingly adds another supporting pillar to the theory of weak scale supersymmetry,
since in the Minimal Supersymmetric Standard Model (MSSM)[3] we expect mh ! 115 − 135
GeV[4]. Aside from solving the gauge hierarchy problem, previous supporting pillars arising
from data include 1. the measured values of gauge couplings allow for gauge coupling unification
at a scale Q ! 2 × 1016 GeV within the MSSM, 2. the large value of the top quark mass is
precisely what is needed to drive electroweak symmetry breaking via radiative corrections and 3.
SUSY is replete with several possible cold dark matter (CDM) candidates (neutralino/WIMP,
gravitino, axino) in the form of the lightest SUSY particle (LSP).

Since a variety of SUSY model parameters enter into the scalar potential of the theory, and
thus contribute to the W, Z and Higgs masses, it is widely expected that superpartners should
exist at or around the weak scale. This mantra has been repeated in numerous talks and papers
over the past decades, so we refer to it here as the story of SUSY electroweak naturalness1.
Indeed, the concept of naturalness may dictate to some degree when it is time to give up on
weak scale supersymmetry should no signal be ultimately found[5].

While the existence of a Higgs-like scalar at ∼ 125 GeV is a boon for SUSY models, on the
contrary, no signal for superpartners has yet emerged at LHC. In models such as the popular
mSUGRA/CMSSM[6], the Atlas and CMS collaborations[7, 8] now require mg̃

>∼ 1.4 TeV for

mq̃ ∼ mg̃ and mg̃
>∼ 1 TeV for mq̃ % mg̃. Already this fact has led some astute physicists to

give up on weak scale SUSY[9], or to at least concede that weak scale SUSY is finetuned. Thus,
the recent LHC limits on sparticle masses seemingly exacerbate what is known as the Little
Hierarchy Problem (LHP): why is there such a disparity between the sparticle mass scale and
the electroweak scale?

Before jumping to conclusions, it pays to scrutinize electroweak naturalness more closely.
We can be more precise if we re-phrase the LHP in the following terms: how is it that the
Z-boson mass can exist at just 91.2 GeV while gluino and squark masses are at, or even well
beyond, the TeV scale? The answer proposed in Ref’s [10, 11, 12] is that all the individual
weak scale contributions feeding mass into mZ should be not too far from mZ . The value of
mZ in the MSSM is given by

m2
Z

2
=

(m2
Hd

+ Σd
d)− (m2

Hu
+ Σu

u) tan
2 β

(tan2 β − 1)
− µ2 ! −m2

Hu
− µ2, (1)

where the latter approximate equality obtains for ratio-of-Higgs vevs tan β ≡ vu/vd
>∼ 3 and

where the Σu
u and Σd

d terms represent the sum of various radiative corrections[12]. To be
quantitative, a finetuning measure

∆EW = maxi

∣∣∣Ci/(m
2
Z/2)

∣∣∣ (2)

may be defined, where Ci represents any of the terms on the right-hand-side of Eq. 1 (e.g.
CHu

≡ −m2
Hu

tan2 β/(tan2 β − 1) and Cµ ≡ −µ2). The finetuning measure ∆EW enjoys several

1 We thank Yuri Gershtein for making this point
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Options for correct 
thermal relic abundace

• Pure wino. (2.5 TeV)   

• Pure higgsino. (1 TeV)

• “Well tempered”  Bino/Higgsino

• Co-annhilation/Resonant annihilation

• Find the co-conspirators!

• Stau, stop coannihilation.

• Hardest for Direct Detection
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FIG. 1: Relevant diagrams for annihilation and corresponding direct detection diagrams, where

applicable. Achieving su�cient dark matter annihilation in the early universe in order to obtain

the measured relic density requires at least one of these diagrams to be significant. In the case of

s-channel Higgs or Z boson exchange, this may imply correspondingly large �SI or �SD respectively.

In the case of t-channel annihilation or co-annihilation, there is not a clear direct detection analog,

but the processes will be related through couplings and mixing angles.
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Comment on Non-Thermal 
histories

• Can be other sources of Dark Matter aside 
from thermal freeze-out

• Moduli decay (string motivated)

• Gravitino decay

• Often increase the relic abundance with 
respect to thermal, but not drastically: 
lighter DM. 
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MSSM Blind Spots
m� condition signs

M
1

M
1

+ µ sin 2� = 0 sign(M
1

/µ) = �1
M

2

M
2

+ µ sin 2� = 0 sign(M
2

/µ) = �1
�µ tan � = 1 sign(M

1,2/µ) = �1⇤

M
2

M
1

= M
2

sign(M
1,2/µ) = �1

Table 1: Table of SI blind spots, which occur when the DM coupling to the Higgs vanishes
at tree-level. The first and second columns indicate the DM mass and blind spot condition,
respectively. All blind spots require relative signs among parameters, as emphasized in the
third column. ⇤For the third row, the blind spot requires that µ and M

1

(M
2

) have opposite
signs when M

2

(M
1

) is heavy.

of any of neutralino to the Higgs boson can then be obtained by replacing v ! v+h, as dictated
by low-energy Higgs theorems [45, 46]:

Lh�� =
1

2
m�i(v + h)�i�i (13)

=
1

2
m�i(v)�i�i +

1

2

@m�i(v)

@v
h�i�i +O(h2), (14)

which implies that @m�i(v)/@v = ch�i�i [47, 48].
Consider the characteristic equation satisfied by one of the eigenvalues m�i(v),

det(M� � 1m�i(v)) = 0. (15)

Di↵erentiating the left-hand side with respect to v and setting @m�i(v)/@v = ch�i�i = 0, one
then obtains a new equation which defines when the neutralino of mass m�i(v) has a vanishing
coupling to the Higgs boson1:

(m�i(v) + µ sin 2�)

✓
m�i(v)�

1

2
(M

1

+M
2

+ cos 2✓W (M
1

�M
2

))

◆
= 0. (16)

The above equation implies that for regions in which ch�i�i = 0, m�i(v) is entirely independent
of v. At such cancellation points, m�i(v) = m�i(0), so the neutralino mass is equal to the mass
of a pure gaugino or Higgsino state and m�i(v) = M

1

,M
2

,�µ. As long as Eq. (16) holds for the
LSP mass, m�1(v), then the DM will have a vanishing coupling to the Higgs boson, yielding a
SI scattering blind spot. It is a nontrivial condition that Eq. (16) holds for the LSP, rather than
a heavier neutralino, because for some choices of parameters the DM retains a coupling to the
Higgs but one of the heavier neutralinos does not. We have identified these physically irrelevant
points and eliminated them from consideration. The remaining points are the SI scattering

1
We have checked that Eq. 16 can also be derived using analytical expressions for bilinears of the neutralino

diagonalization matrix from Ref. [49].

12

See also:Gondolo, Mandic, Murayama, AP; Cohen, Kearney, 
AP, Tucker-Smith1109.2604

Cheung, Hall, Pinner, Ruderman

FIG. 2: An example of the suppression of �SI and �SD as a function of �0 for M
S

= 200 GeV,

M
D

= 300 GeV and � = 0.36. The critical value for ⌫1⌫1h cancellation is �0 = �0.138, and for

⌫1⌫1Z cancellation is �0 = ±0.36. The lines shown are �
(p)
SD [green], �SI [red] and ⌦h2 [blue].

For the alternative case where M
D

< M
S

, the analogous analysis reveals the condition for
⌫1⌫1h cancellation to be �0

crit = �� ) �+ = 0 (m
⌫1 = M

D

). The resultant WIMP is
⌫1 =

1p
2
(⌫c + ⌫), and has suppressed coupling to both the Higgs and Z boson. However, the

dark matter particle retains a full-strength coupling to the charged dark sector fermion and
the W boson. Because the E fermion also has mass M

D

, there is significant contribution
to dark matter annihilation from co-annihilation with the charged state.4 As this coupling
strength is fixed, to achieve the correct relic density the value of M

D

is constrained to
M

D

& 1 TeV. This situation is similar to the case of “pure” Higgsino dark matter in
the MSSM, for which M

D

⇠ 1.1 TeV yields the correct value of ⌦h2. So, there is the
possibility that m

⌫1 & 1 TeV with heavily suppressed spin-independent and spin-dependent
cross sections. For instance, we find that for M

S

= 2 TeV and � = ��0 = 0.2, the correct
relic density is achieved forM

D

= 1.1 TeV. For this point, �SI and �SD are heavily suppressed
as the ⌫1⌫1h and ⌫1⌫1Z couplings are small, and m

⌫2 � m
⌫1 ⇠ 1 GeV, su�ciently large to

4 Note that, in fact, the E will be slightly heavier than the WIMP due to Coulombic radiative corrections.

9

“Singlet-Doublet Model”
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Figure 4: Current limits on bino/Higgsino DM with ⌦� = ⌦
obs

for tan � = 2 (upper), 20

(lower). Dotted brown lines are contours of ⌦(th)
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is close to (far from) the brown band for low (high) tan�.
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An (un)expected 
consequence...

The low-mass hints?

⇠ 10 GeV region is experimentally challenging
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It is usually assumed that WIMPs interact through spin-independent and spin-dependent
interactions. Interactions which carry additional powers of the momentum transfer, q2, are assumed
to be too small to be relevant. In theories with new particles at the ⇠ GeV scale, however, these
q2-dependent interactions can be large, and, in some cases dominate over the standard interactions.
This leads to new phenomenology in direct detection experiments. Recoil spectra peak at non-
zero energies, and the relative strengths of di�erent experiments can be significantly altered. We
present a simple parameterization for models of this type which captures much of the interesting
phenomenology and allows a comparison between experiments. As an application, we find that dark
matter with momentum dependent interactions coupling to the spin of the proton can reconcile the
DAMA annual modulation result with other experiments.

INTRODUCTION

The presence of dark matter (DM) in our universe
is now well established by a variety of astrophysical
measurements, over a wide range of scales from sub-
kpc to Gpc. Its clustering and low interaction cross
sections are supported by the success of the CDM
framework and the ability of N-body simulations
to reproduce observed structures. In spite of these
great successes, we remain ignorant to its detailed
nature. A direct detection of DM via its recoils
o� of nuclei would confirm its particle nature and
yield insight into its origin. An examination of the
recoil spectrum would provide important informa-
tion about its properties, and possibly the formation
history of the galaxy.

If the dark matter is a Majorana fermion ⇥ - a
supersymmetric neutralino being the most promi-
nent example - the types of interactions available
are significantly limited. The dominant scatterings
are mediated via the operators:

OSI = (⇥̄⇥)(q̄q), (1)

OSD = (⇥̄�µ�5⇥)(q̄�
µ�5q), (2)

which give respectively spin-independent (SI) and
spin-dependent (SD) scattering. As these operators
typically dominate the interaction rate of Weakly
Interacting Massive Particles (WIMPs) with nuclear
targets, direct detection experiments quote results as
bounds on the spin-independent and spin-dependent
cross section per nucleon.

Nonetheless, there are more dimension-6 opera-
tors that can contribute to the direct detection cross
section. Namely,

O1 = (⇥̄�5⇥)(q̄q), (3)

O2 = (⇥̄⇥)(q̄�5q), (4)

O3 = (⇥̄�5⇥)(q̄�5q), (5)

O4 = (⇥̄�µ�5⇥)(q̄�
µq). (6)

The operators O1, O2, and O4 are not present
if parity is a good symmetry of the theory, but
since parity is badly broken in the Standard Model
and it could be badly broken in the dark matter
sector, it is reasonable to include them. If ⇥ is
a Dirac fermion, instead of Majorana, additional
operators are possible. In particular, there is the
possibility of a dipole or charge radius coupling to
dark matter and a vector coupling to quarks [1, 2].
Such an operator is quantitatively similar to O1,
with the principle di�erence that it typically couples
to atomic number Z rather than mass number A.
These operators in Eqns. (3)–(6) are present even

in the context of the minimal supersymmetric Stan-
dard Model (MSSM), but there the contributions to
scattering are typically far subdominant, as they are
suppressed relative to OSI/SD by additional powers
of momentum O(q2/M2

W ) � 10�6, or in the case of
O4 also by velocity suppression v2. Consequently,
they are usually ignored [3], but see [4]. Moreover,
even if the dominant operators are zero, because of
this suppression, these new operators are typically
negligible in the context of direct detection experi-
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Non-Minimal
• Dipole Dark Matter

• Inelastic Dark Matter

• Form Factor Dark Matter

• Electronic Interactions

• Rayleigh DM

• Composite DM

• Quirky DM

• ...
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Systematizing Low-
Energy Interactions

Fitzpatrick, et al, arXiv:1203.3542, arXiv:1211.2818;
Fan, Reece, Wang; arXiv:1008.1591

1. P-even, S�-independent

O
1

= 1, O
2

= (v?)2, O
3

= i~SN · (~q ⇥ ~v?), (3)

2. P-even, S�-dependent

O
4

= ~S� · ~SN , O
5

= i~S� · (~q ⇥ ~v?), O
6

= (~S� · ~q)(~SN · ~q), (4)

3. P-odd, S�-independent

O
7

= ~SN · ~v?, (5)

4. P-odd, S�-dependent

O
8

= ~S� · ~v?, O
9

= i~S� · (~SN ⇥ ~q) (6)

In addition, there are T -odd operators [1], but since these do not introduce any new nuclear
responses we will not analyze their constraints separately.

2.3 Direct Detection Event Rates

The calculation of direct detection rates in the general e↵ective theory follows along essentially
the same lines as in the case of standard spin-independent and spin-dependent interactions,
which are reviewed in e.g. [3]. However, we will see that there are a few non-trivial gen-
eralizations, and ultimately the final result will need to be parameterized di↵erently from
usual. For instance, it is common to parameterize direct detection rates in terms of the total
wimp-proton cross-section, but more generally this quantity is momentum-dependent. The
detector event rate RD per unit time per unit energy per unit detector for a nucleus to recoil
with energy ER is given by an average over the underlying dark matter velocity distribution

dRD

dER
= NT

⌧
n�v�

d�T

dER

�
, (7)

where n� is the local DM density, v� is its velocity in the lab frame, NT is the number of
nuclei per detector mass, and �T is the scattering cross-section for dark matter and atomic
nuclei. The kinematics of scattering are easiest to follow in the center-of-mass frame, where
the dark matter momentum p and target momentum kT are equal and opposite, and given by

~p = �~kT = µT~v�, (incoming) (8)

~p 0 = �~k0
T = ~q + µT~v�, (outgoing) (9)

where ~q = ~p 0� ~p is the momentum transfer, and µT is the dark matter-nucleus reduced mass

µT =
mTm�

mT +m�
. (10)

4

What do UV completions look like?
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Colliders

• Two approaches:

• DM is part of a rich structure

• If part of that rich structure is colored, 
then produce these guys, and see the 
DM in cascades (gluinos and 
neutralinos)

• Learn about the structure

• DM and effective operators
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Dark Matter Operators

• Birkedal, Matchev, Perelstein (2004), Feng, Su, Takayama (2005), J. Goodman et al., Phys. Rev. D82, 116010 (2010), 1008.1783., Fox, 
Harnik, Kopp, Tsai 1103.0240; Bai, Fox, Harnik (Tevatron) JHEP 1012 (2010) 048; Cheung, et al. 1201.3402

Look for SM SM  to XX + (jet+photon)

Name Operator Coefficient

D1 χ̄χq̄q mq/M3
∗

D2 χ̄γ5χq̄q imq/M3
∗

D3 χ̄χq̄γ5q imq/M3
∗

D4 χ̄γ5χq̄γ5q mq/M3
∗

D5 χ̄γµχq̄γµq 1/M2
∗

D6 χ̄γµγ5χq̄γµq 1/M2
∗

D7 χ̄γµχq̄γµγ5q 1/M2
∗

D8 χ̄γµγ5χq̄γµγ5q 1/M2
∗

D9 χ̄σµνχq̄σµνq 1/M2
∗

D10 χ̄σµνγ5χq̄σαβq i/M2
∗

D11 χ̄χGµνGµν αs/4M3
∗

D12 χ̄γ5χGµνGµν iαs/4M3
∗

D13 χ̄χGµνG̃µν iαs/4M3
∗

D14 χ̄γ5χGµνG̃µν αs/4M3
∗

Name Operator Coefficient

C1 χ†χq̄q mq/M2
∗

C2 χ†χq̄γ5q imq/M2
∗

C3 χ†∂µχq̄γµq 1/M2
∗

C4 χ†∂µχq̄γµγ5q 1/M2
∗

C5 χ†χGµνGµν αs/4M2
∗

C6 χ†χGµνG̃µν iαs/4M2
∗

R1 χ2q̄q mq/2M2
∗

R2 χ2q̄γ5q imq/2M2
∗

R3 χ2GµνGµν αs/8M2
∗

R4 χ2GµνG̃µν iαs/8M2
∗

TABLE I: Operators coupling WIMPs to SM particles. The operator names beginning with D, C,

R apply to WIMPS that are Dirac fermions, complex scalars or real scalars respectively.

III. COLLIDER CONSTRAINTS

A. Overview

We can constrain M∗ for each operator in the table above by considering the pair pro-

duction of WIMPs at a hadron collider:

pp̄ (pp) → χχ+X. (2)

Since the WIMPs escape undetected, this leads to events with missing transverse energy,

recoiling against additional hadronic radiation present in the reaction.

The most significant Standard Model backgrounds to this process are events where a Z

boson decays into neutrinos, together with the associated production of jets. This back-

ground is irreducible. There are also backgrounds from events where a particle is either

missed or has a mismeasured energy. The most important of these comes from events pro-

7
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Colliders and DM
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Caveats
• Apply EFT with 

care.

• Could get stronger 
bounds from other 
sources.

• One example: 
contact 
interactions.

3

On the other hand, G� describes dark matter pair pro-
duction. These particles are usually invisible at the LHC,
since they do not interact significantly with the detector
at the Lhc due to their small coupling to the Standard
Model. Mono-photons [37, 38] or mono-jets [39, 40] (ra-
diated from the initial state) are characteristic for this
kind of interaction and have been probed by both exper-
iments1. The currently strongest upper bound on G� is
given by a mono-jet analysis of Cms [39] for an integrated
luminosity of 5.0 fb�1 at 7 TeV,

G�  (765 GeV)�2, (5)

which holds for M� = 10 GeV at 90% CL. Di↵erent
(larger or smaller) values for M� lead to weaker bounds.

IV. COMPARING EXPERIMENTAL LIMITS

The quoted limits on Gq and G� di↵er significantly,
due to the very di↵erent techniques involved in the re-
spective analyses. However, the two e↵ective couplings
have common ingredients which implicitly relate them.
Consequently, we may reasonably translate the limit from
Gq into an upper bound on G� and see how this bound
compares to the experimental limit given in (5).

Since G� depends on g� whereas Gq does not, there
is no 1:1-correspondence between the two e↵ective cou-
plings and they are a priori independent. However, we
only have restricted parameter values for the coupling
constants g� and gq to be in agreement with the per-
turbative picture. Taking the definition for G� and re-
stricting g�, gq 

p
4⇡ by perturbation theory, it follows

that,

G�  4⇡

M2
V

. (6)

Furthermore we may relate G� to Gq in order to apply
the experimental limit known for Gq. According to the
definitions of the two e↵ective couplings, it follows that,

G� =
g�
MV

p
Gq. (7)

With the experimental limits on Gq given in (4) and the
perturbative restriction g� 

p
4⇡, we find,

G�  1

MV

4⇡

7.5 TeV
. (8)

In Fig. 2 we compare the excluded parameter regions in
the G�–MV plane according to the di↵erent restrictions

1 To be precise, the limits have been determined for the vertices
q̄�µq�̄�µ� and q̄�µ�5q�̄�µ�5� individually. However, for a large
mass range the bounds are similar. Therefore we assume the
same limits on the coupling q̄L�µqL�̄L�µ�L.
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FIG. 2. Exclusion limits on the e↵ective coupling constant G�

for given mediator mass MV according to experimental lim-
its from mono-jet searches (red), experimental limits on the
contact interaction Gq (green) and the perturbative restric-
tion on the fundamental coupling constants gi (blue). The
bound from monojet searches assumes a dark matter mass
M� = 10 GeV, which is the most optimistic scenario and leads
to the strongest bound. The upper limit from contact inter-
actions assumes destructive interference which gives the most
conservative limit. For mediator masses consistent with the
e↵ective approach (MV & 1 TeV), we see the bound from con-
tact interactions is most stringent.

(6)–(8). It can be seen that in the mediator mass range
from 1 TeV up to 7 TeV, the translated experimental limit
on the quark contact interaction Gq gives the strongest
restrictions on the parameter space of the e↵ective the-
ory for the dark matter particle �. In particular, the
limits are stronger than the experimental constraints on
G� from mono-jet searches.
For larger mediator masses, demanding that the the-

ory is perturbative gives stronger upper limits than both
of the experimental searches. However, the perturbative
upper bound is static whereas the experimental sensi-
tivity will gradually improve over time as more data is
collected.
In the small MV limit below 1 TeV, experimental lim-

its on Gq can only give weak statements on the al-
lowed parameter space and the mono-jet searches give
the strongest exclusion limit. Unfortunately, the typical
energies involved in general scattering processes at the
Lhc are likely to be at or above the TeV-scale. Accord-
ing to the requirements of an e↵ective theory to be valid,
mediator masses below 1 TeV cannot be analysed reason-
ably in that framework and experimental limits cannot
be trusted anymore. However, we note that the searches
for di-jet resonances can lead to bounds in these mass
ranges and in many cases, these are more stringent than
those coming from mono-jet searches [25, 26].
We thus conclude that for mediator masses that allow

the application of an e↵ective approximation, experimen-
tal limits from contact interaction searches or perturba-
tivity bounds put stronger restrictions on the allowed pa-
rameter space of an e↵ective dark matter theory than
mono-jet searches.

Dreiner, et al. 1303.3348
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Light Mediator
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Figure 5: Comparison between the full and e↵ective field theories for axial and top-scalar operators, for DM
mass of 100 GeV. The straight line indicates the results obtained in the EFT, shaded region indicates full
theory results as a function of the width between the values M�/3 (lower) and M�/(8⇡) (upper). We have
used the same phase space cuts as in the previous sections. The scale choice is µ = m��.

relating the scales of the operators in the EFT approach to the scale of the mediator as above.
We then proceed to calculate cross sections as a function of M

�

in the full and e↵ective theories.
For the full theory one must also specify the width of the mediating particle �

�

. We choose two
example widths, �

�

= M
�

/3 and �
�

= M
�

/(8⇡). The results are naturally dependent on the
choice of DM mass, for simplicity we have chosen to focus on a single value m

�

= 100 GeV.
The two plots for the two di↵erent operators shown in Fig. 5 have some generic features which

we explain first before mentioning some operator specific phenomenology. Firstly, it is clear that
full theory asymptotes to the e↵ective theory at large M

�

as required. On our log-log plot the
EFT results then possess simple scaling as a function of ⇤, and therefore M

�

(in the axial case)

and M
2/3

�

(in the scalar case). All of the features of the FT are dominated by the inclusion of the
propagator in the cross section, and in particular whether or not the propagator is able to provide
resonant enhancement to the cross section. If the propagator is able to go on-shell then the cross
section is enhanced beyond the EFT approximation, whereas if the propagator is forced into the
o↵-shell region the cross section is suppressed (dramatically for light mediators) relative to the
EFT.

It is simple to determine whether the resonant enhancement will be included as a function of
m

�

and /E
min

T

, since, in order to achieve the on-shell condition one must have,

s
��

⇠ M2

�

=) (/E
min

T

)2 + 4m2

�

< M2

�

. (45)

Therefore if the /E
T

cut is too hard, making /E
min

T

too large, or m
�

is too heavy then the mediator
cannot go on-shell, suppressing the cross section. For our setup this occurs at roughly 400 GeV.
This simple kinematic argument however, has big implications for experimental searches in the
full theory. One should endeavour to not cut away the region in which the signal peaks, therefore
adjusting the minimum /E

T

cut to become a function of M
�

should provide a natural way to
optimize signal over background.

We now make some operator specific statements, firstly we note that the limits obtained on
⇤ for the axial coupling are of the order O(1) TeV, and therefore vindicate the use of the EFT
in these searches, however the results on ⇤ are also bounded by below, since the EFT cannot in
general be trusted for ⇤ < 200 GeV. Secondly we note that the limits on ⇤ from the top-scalar
operator are of the order ⇤ ⇠ 150 GeV [32]. This is exactly in the region of M

�

, g ,⇤ phase space in
which the EFT begins to breakdown, however, if the FT was used with slightly softer /E

T

cuts one

Fox and Williams, 1211.6390 Goodman and Shepard, 1111.2359

Opening up the box....
H. An, Huo, and L-T. Wang, arXiv:1212.2221;
H. An, X. Ji, and L-T. Wang, arXiv:1202.2894;
Look for the associated mediator!
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FIG. 3: Bounds on effective interaction strength M∗ = Mφ/g for the operator DS3. Note that the

perturbativity constraint of g < 4π replaces bounds weaker than that constraint. The left figures

show bounds resulting from the VeryHighPt analysis, and the right figures show those resulting

from the LowPt analysis.

based on the assumption of contact interactions, in agreement with previous studies [28, 47].

However, the weakening of bounds due to light mediators occurs only within certain

kinematic ranges; Mφ
<
∼ 2Mχfors− channelandMφ ∼ Mχfort− channel. Outside of these

kinematic ranges we find that bounds are as strong or stronger than those found in previous

studies which assumed contact operators. For the purposes of the presented analysis with

hard cuts, t-channel mediators must be ∼ 300 GeV heavier than dark matter candidates in

order to have bounds comparable to those derived from contact operator analyses.

In figures 2 and 3, a clear line is visible for Mφ ∼ 2Mχ. Above this line, resonant enhance-

ment of the dark matter production process can occur. This strengthens the constraints on

M∗ and therefore the bounds on direct detection cross sections become more stringent. In

9
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Effective Operators and 
Direct Detection

• Colliders do relatively best for light DM 
(small recoils make difficult for direct 
detection) or those operators that are 
velocity suppressed.

• Worth thinking more about what these UV 
completions look like.  Also, might have light 
states.  

• “Simplified models of DM”  
Pappucci, Vichi Zurek, in prep; Howe, this session?

1303.6638 Lin, Kolb, L-T. Wang
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Conclusion
• WIMP dark matter alive, well, and a (the?) prime 

target for the next decade.  Direct detection 
bounds are getting very interesting, but not really 
squeezed yet.

• Colliders do best if

• there is a rich structure to be probed 

• effective operator would be velocity suppressed

• more effort in “Dark Matter simplified models” 
could be illuminating: 

• “opening the mediator box”
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